Abstract This study aims to determine the risk factors for epileptogenesis and characteristics of seizures in patients with progressive multifocal leukoencephalopathy (PML) who survive more than 1 year from onset of neurological symptoms (PML survivors). We reviewed clinical data including seizure history and MR imaging studies from PML survivors evaluated at our institution between 1997 and 2014. PML progressors who passed away within 1 year and patients with a history of seizures prior to PML diagnosis were excluded from the analysis. Of 64 PML survivors, 28 (44 %) developed seizures. The median time from the onset of PML symptoms to the first seizure was 5.4 months (range 0-159) and 64 % of patients with seizures had them within the first year. The presence of juxtacortical PML lesions was associated with a relative risk of seizures of 3.5 (p < 0.02; 95 % confidence interval (CI) 1.3-9.4) in multivariate analyses. Of all seizure types, 86 % were focal and 60 % most likely originated from the frontal lobes. Among seizure patients, 89 % required treatment, including one (54 %), two (25 %), or three (10.5 %) antiepileptic drugs. Seizures are a frequent complication in PML and can develop throughout the entire course of the disease. However, late onset seizures did not signify PML relapse. Seizures may require treatment with multiple antiepileptic medications and are a significant co-morbidity in PML.
Introduction
Progressive multifocal leukoencephalopathy (PML) is an often fatal demyelinating disease of the brain which occurs in immunosuppressed individuals and is caused by the polyoma virus JC (JCV). JCV causes a lytic infection of oligodendrocytes and astrocytes, and PML is characterized histologically by confluent demyelinating lesions commonly located in the subcortical white matter. While seizures are considered to be a manifestation of cortical dysfunction, and are not expected in a leukoencephalopathy, we and others have described cortical involvement of PML and extension of the lesions into the adjacent gray matter. In addition, we have shown that JCV can also infect cortical pyramidal neurons in PML cases (Moll et al. 2008; Wuthrich and Koralnik 2012) .
In an earlier study, we found that seizures occurred in 18 % of PML patients seen at our institution from 1995 to 2005 (Lima et al. 2006 ). However, PML mortality was high, and 69 % of those patients were PML progressors, who died within 1 year from disease onset. Therefore, there is only limited knowledge on the long-term incidence of seizures in patients who survive PML (Lima et al. 2006) . We have recently reported that hyperintense cortical signal (HCS) seen on pre-contrast T1-weighted images on MRI were associated with seizures in PML (Khoury et al. 2014 ). In addition, immune reconstitution inflammatory syndrome (IRIS), which can manifest itself by contrast enhancement of PML lesions on MRI, is also suspected to be a risk factor for seizures in some cases (Clifford et al. 2010; Gheuens et al. 2012b) . We therefore undertook this study, focused only on survivors of PML, where we sought to determine the incidence and characteristics of seizures as well as identify predisposing factors for epileptogenesis.
Methods

Study population
We performed a retrospective analysis of patients with PML enrolled consecutively in clinical studies at Beth Israel Deaconess Medical Center between October 1997 and May 2014. Patients surviving beyond 1 year of PML onset were considered PML survivors. Sixty-four PML survivors were included in the analysis. PML progressors and patients with a history of seizures prior to PML diagnosis were excluded from the analysis.
Clinical data
PML diagnosis was established according to consensus terminology criteria (Berger et al. 2013) . Possible PML was defined by the presence of clinical and imaging findings consistent with PML, but with negative or unknown CSF JCV PCR and no histologic confirmation. Definite PML was confirmed by the detection of JCV DNA in the CSF by PCR or by histologic diagnosis. We included cases of possible PML since we have shown that they have the same clinical, immunological, and radiologic evolution as patients with definite PML (Gheuens et al. 2011; Gheuens et al. 2012a ).
MRI
We reviewed the T1, fluid-attenuated inversion recovery (FLAIR), and T1 post-contrast sequences of the 64 patients. The imaging studies were obtained at various facilities using different MRI protocols. Lesions were classified as being either immediately adjacent to the hemispheric cortex (juxtacortical) or deep within the white matter (subcortical). The presence or absence of HCS adjacent to PML lesions was determined using comparison with normal-appearing cortical gray matter in the same T1-weighted image. The presence of contrast enhancement of PML lesions was determined on T1 post-contrast images.
Seizure and epilepsy classification and EEG
Patients were classified as having epilepsy if they had two unprovoked seizures or one unprovoked seizure and a probability of further seizures of at least 60 % over the next 10 years (Fisher et al. 2014) . Seizures and epilepsy were classified according to the revised ILAE system (Berg et al. 2010) . Acute symptomatic seizure was defined by a clinical seizure occurring within 2 weeks of PML symptom onset (Beghi et al. 2010) . A patient was classified as having focal epilepsy if they went on to have additional unprovoked seizures. We reviewed EEGs for focal slowing, epileptiform activity, and seizures, and determined if EEG findings were concordant with MRI lesions.
Statistical analysis
We recorded relevant demographic and clinical variables as well as radiologic and electrodiagnostic findings. We first performed descriptive analyses to assess the distributions of the binary outcome variable seizure and potential predictors. We reported median and range for continuous variables, and percent for categorical variables. We used non-parametric median test to compare median estimates, and chi-square and Fisher's exact test for contingency analysis. We used multivariate generalized linear models with log link and binary error to obtain independent predictors of seizure. We reported unadjusted and adjusted relative risk estimates and 95 % confidence intervals which were obtained from the models. We set type 1 error rate at 0.05. All analyses were performed using the SAS/STAT software version 9.13.
Results
Characteristics of PML survivors with and without seizures
The median follow-up of PML survivors at our institution was 8.6 years (range 1.1-22.7 years). The clinical characteristics of all 64 PML survivors are listed in Table 1 . Of all PML survivors, 28/64 (44 %) had seizures. There were no significant differences between patients with and without seizures for median age at PML onset (41.5 vs 44.5 %), gender (86 vs 78 % male), methods of PML diagnosis (75 vs 64 % virologic/ histologic), etiology of immunosuppression (75 vs 64 % HIV) or exposure to experimental treatments for PML. The median time from the onset of PML symptoms to seizures was 5.4 months (range 0-159). Of those with seizures, the percentage of patients who developed seizures immediately at onset of PML symptoms, and within 4 months and 1 and 10 years was 25, 50, 64, and 96 %, respectively (Fig. 1) . Late development of seizures (>1 year from PML onset) was never associated with a relapse of PML.
Association of lesion location, HCS, and contrast enhancement with seizures
Juxtacortical lesions were present in 22/28 (79 %) of patients with seizures compared to 11/36 (31 %) of those without seizures (p < 0.001) and conferred a relative risk of seizures of 4.0 (p < 0.003). In addition, HCS was present in 14/28 (50 %) of patients with seizures compared to 7/36 (19.5 %) of those without seizures (p = 0.02) and conferred a relative risk of seizures of 1.9 (p < 0.02). However, contrast enhancement, present in 15/28 (54 %) of patients with seizures was not significantly different compared to 14/36 (39 %) of those a Chronic lymphocytic leukemia (n = 2), idiopathic lymphocytopenia (n = 2), Hodgkin's lymphoma (n = 1) b Chronic lymphocytic leukemia (n = 2), idiopathic lymphocytopenia (n = 2), non-Hodgkin's lymphoma (n = 2), follicular cell lymphoma (n = 2) c Multiple sclerosis on natalizumab (n = 1), combined variable immunodeficiency (n = 1)
d Dermatomyositis (n = 1), rheumatoid arthritis (n = 1), chemotherapy for brainstem glioma (n = 1), Waldenstrom's macroglobulinemia (n = 1), alcoholic cirrhosis (n = 1) e Mirtazapine (n = 11), mirtazapine + mefloquine (n = 3), mirtazapine + cytarabine (n = 2) f Mirtazapine (n = 16), mirtazapine + mefloquine (n = 3), mefloquine (n = 1), Mefloquine + IL-2 (n = 1) g Cidofovir (n = 4), cidofovir + interferon alpha (n = 1)
h Cidofovir (n = 3), cytarabine + interferon alpha (n = 1) i Non-parametric median test was used for comparing age distributions, while chi-square and Fisher's exact test were used for categorical variables with type 1 error set at 0.05 j Relative risks were estimated from multivariate generalized linear model with log link and binary error term without seizures (p = 0.20). Brain MRI of a patient with juxtacortical lesions, HCS, and contrast enhancement is depicted in Fig. 2 . We then performed multivariate analyses to determine the respective contributions of lesion location, HCS, and contrast enhancement in the development of seizures. In this predictive model, the relative risk of seizures in patients with juxtacortical lesions remained statistically significant at 3.5 (p < 0.02; 95 % confidence interval (CI) 1.3-9.4), whereas HCS and contrast enhancement were no longer contributory (relative risk (RR) = 1.0, p < 0.98 and RR = 1.1, p < 0.81), respectively.
Seizure characteristics in PML survivors
Seizure-related classifications are detailed in Table 2 . Of all PML survivors with seizures, 23 (82 %) had no other seizure risk factors than PML. Twenty-two (78.5 %) had focal onset, including 16 (57 %) with focal epilepsy and 6 (21.5 %) with both acute symptomatic seizures and focal epilepsy. Of eight patients with acute symptomatic seizures, six (75 %) developed epilepsy. Focal epilepsy constituted the great majority of all seizure types (31/36, 86 %) and consisted of focal motor seizures (14 patients), focal seizure with impairment of consciousness (4 patients), focal seizure without impairment of consciousness (1 patient), focal seizure evolving to a bilateral convulsive seizure (9 patients), and epilepsy partialis continua (3 patients). Only four patients had generalized seizures (unclear if focal or generalized onset), and one patient had an unclassifiable seizure type. Based on the seizure semiology of predominantly motor manifestations, 60 % of seizures were felt to originate in the frontal lobes.
Electrodiagnostic findings
EEG data was available in 17/28 patients with seizures. Most had only a single EEG study available for review. Nine (53 %) of the EEGs demonstrated focal slowing, focal epileptiform discharges, or focal seizures concordant with neuroimaging findings. EEG was normal or showed nonspecific abnormalities in eight (47 %) of the available studies.
Treatment of seizures
Of 28 PML patients who developed seizures, 25 (89 %) were treated with antiepileptic drugs (AED). Seizure control was established with monotherapy in 15 (54 %), but 7 (25 %) needed 2, and 3 (10.5 %) needed 3 medications to achieve seizure control. The most commonly prescribed AEDs in our study included levetiracetam (75 %) and gabapentin (39 %).
Discussion
The population at risk for PML is continuously expanding. In addition to patients with AIDS, hematologic malignancies, and transplant recipients, PML has been reported in a growing number of individuals with autoimmune diseases treated with immunomodulatory medications such as natalizumab (Clifford et al. 2010; Dahlhaus et al. 2013; Gheuens et al. 2012b; Hoepner et al. 2014; Marousi et al. 2012; Tan et al. 2011) , dimethyl fumarate (Bartsch et al. 2015; Dammeier et al. 2015; Khatri et al. 2015) , or efalizumab (Carson et al. 2009; Gadzia and Turner 2010; Korman et al. 2009 ; Kothary . Since seizures frequently occurred at or soon after PML onset, PML should be included in the differential diagnosis of new onset seizures in the aforementioned high-risk patients. This study provides novel information compared to previous reports. The 44 % incidence of seizures in PML survivors is higher than 18 % reported in our initial study, which included a majority of PML progressors who passed away within 1 year of disease onset (Lima et al. 2006) . The difference can be explained in part by the fact that more than one third of PML patients develop seizures later than 12 months from PML onset. In addition, advances in treatment of HIV infection with antiretroviral medications occurring over the past 10 years may have improved PML survival in HIV-infected patients, thereby increasing the population of PML survivors (Casado et al. 2014) . The overwhelming majority of seizures was focal, consistent with the location of PML lesions, and most had a motor component with suspected origin in the frontal lobes. AEDs Table 2 a Alcohol intoxication or withdrawal (n = 1), dehydration (n = 1), brain biopsy (n = 2), medication side-effect (n = 1) b Focal slowing (n = 4), focal epileptiform/localizing (i = 3), focal slowing, epileptiform/localizing (n = 1), focal seizures (n = 1) c Levetiracetam (n = 21), gabapentin (n = 11), phenytoin (n = 9), clonazepam (n = 4), topiramate (n = 3), valproic acid (n = 2), oxcarbazepine (n = 2), carbamazepine (n = 1), phenobarbital (n = 1), lacosamide (n = 1)
were required in most cases, and one third of patients needed two or three medications to achieve seizure control. Therefore, seizures significantly contributed to the morbidity of PML among survivors. Choice of AED was often dictated by HIV status, as many AEDs, such as carbamazepine, phenobarbital, and phenytoin, induce the cytochrome P450 enzyme system and decrease the efficacy of certain antiretroviral drugs (ARVs). Conversely, certain ARVs, such as lopinavir, ritonavir, efavirenz, nevirapine, and maraviroc, may reduce serum levels of AEDs (Okulicz et al. 2011) . Lacosamide, gabapentin, and pregabalin are recommended AEDs in patients with focal epilepsy and/or those failing levetiracetam (Siddiqi and Birbeck 2013) . The main risk factors associated with seizures in univariate analyses were the location of lesions in juxtacortical areas, which confirms our previous observation (Lima et al. 2006) , and the presence of HCS (Khoury et al. 2014) . HCS, found in half of PML seizure patients on pre-contrast T1 MRI images, corresponds histologically to JCV-induced cortical demyelination, cortical astrogliosis and infiltration by phagocytic macrophages clearing up the myelin debris. This triad recapitulates the histological hallmark of PML, albeit in the hemispheric cortex rather than in the white matter itself. We have named this entity focal leukocortical encephalitis (Khoury et al. 2014) . However, multivariate analyses performed to delineate the relative contributions of seizure risk factors indicated that the juxtacortical location of the lesions was the predominant element, while HCS was not an added contributor. This is understandable since HCS usually occurs in cortical areas located over underlying white matter lesions of PML.
There was only a trend for contrast enhancement in seizure vs non-seizure patients (54 vs 39 %). Contrast enhancement is one of the manifestations of the immune reconstitution inflammatory syndrome (IRIS), which occurs during immune recovery (Collazos et al. 1999; Du Pasquier and Koralnik 2003; Gray et al. 2005; Hoffmann et al. 2003; Kotecha et al. 1998; Martinez et al. 2006; Miralles et al. 2001; Nuttall et al. 2004; Silva et al. 2006) and has been associated with seizures (Dahlhaus et al. 2013; Tan et al. 2009 ). However, contrast enhancement is only present in 56 % of PML/IRIS cases (Gheuens et al. 2012a) . Therefore, contrast enhancement will underestimate occurrence of IRIS, which is otherwise defined by immunological, virological, and clinical markers (Lima and Koralnik 2005; Tan et al. 2011) . Those data were not available in all patients in this retrospective analysis. A prospective study is currently in progress at our institution, to better define the role of IRIS in epileptogenesis.
Our study has limitations. Due to the retrospective design, most of the MRI and EEG data available for review were performed only as dictated by the clinical setting, and may have missed transient phenomena such as HCS, contrast enhancement, or epileptiform discharges. Prospective studies including serial EEGs and neuroimaging may provide additional information on the time course of epileptiform abnormalities in relationship to seizure occurrence. In addition, the PML population is heterogeneous, with both HIV + and HIV − individuals, including only one natalizumab-treated MS patient. It is possible that subgroups of PML may be at a higher risk of seizures. However, there was no difference in the seizure frequency between PML survivors with or without seizures irrespective of HIV status. In particular, natalizumab-treated MS patients who develop PML are often treated with plasmapheresis, which hastens normalization of lymphocyte migration, but can also promote IRIS and thereby trigger seizures. Our findings have important clinical implications. Clinicians should be aware that seizures are a frequent occurrence in PML. They may develop throughout the entire course of the disease, including years after symptom onset, when PML is essentially burnt out, with no molecular, clinical, or radiologic evidence of ongoing JCV replication. Hence, late onset seizures should not be interpreted as a sign of disease relapse, a very rare occurrence in PML. When available, EEG data was concordant with the imaging findings in more than half of seizure patients.
This study also provides insight into possible mechanisms of epileptogenesis in PML. Juxtacortical lesions often involve cortical areas microscopically, and could serve as excitatory foci. In addition, undercutting or deafferentation of the cortex by white matter lesions may lead to seizures, as has been well demonstrated in animal models (Nita et al. 2006; Topolnik et al. 2003; Xiong et al. 2011 ). Finally, we have shown that in addition to glial cells, JCV can also infect cortical pyramidal neurons, either within areas of cortical demyelination in up to half of PML cases, or in isolation in 11 % of them (Wuthrich and Koralnik 2012) . Most neurons express the JCV regulatory T Ag, rather than the viral capsid protein VP1, consistent with early or restrictive infection. Indeed, JCV infection of neurons was recently documented in the brain biopsy sample of a psoriasis patient who developed a juxtacortical right frontal PML lesion after treatment of dimethyl fumarate (Bartsch et al. 2015) . This lesion was responsible for left-sided focal motor seizures, serving as further evidence that a non-lytic JCV infection of neurons may be a trigger for seizures. 
